Abstract. Ni-Co hydroxide nanosheets (NCHs) deposition on Buckypaper (BP) were fabricated by a facial and one-step electrodeposition method for sensitive strain sensor and high-performance supercapacitor electrodes. The binary metal hydroxides show great superiority over the related single hydroxides This NCHs/BP material exhibits a sequence of excellent properties, such as linear relationship between normalized electrical resistance (R/R0) responses to mechanical deformation, high areal capacitance of 1.5 F cm -2 , high rate capability and excellent cyclic stability. The as-prepared asymmetric device shows high capacitance, low internal resistance and high flexibility (negligible capacitance changes during large deformation). These demonstrated superiority of NCHs/BP material suggesting its promising applications as electromechanical sensors and next generation high-performance energy storage devices.
Introduction
As the today's increasing demands for multifunctional electronic devices, their power supplies are expected to become more flexible and large capacitance as well as sensitive response to environment stimuli-inputs, presenting promising applications in electrochemical sensors, biomedical devices, smart actuators and emery storage devices [1] [2] [3] [4] [5] [6] . The responsive behaviors to different stimuli input, including temperature, stress, and pH change, to name a few, make them feasible to prepare smart materials with special functions. Moreover, among numerous energy storage systems, supercapacitors have attracted many attentions because of its fast power delivery, high rate capability and stable cyclic life compared to those of traditional supercapacitors featuring active materials on current collector substrates with whole device inevitably bulky [7] [8] [9] [10] [11] . Recently, film-like Buckypaper of carbon nanomaterials have been developed to bring unprecedented opportunities for the flexible electronic devices and next-generation high-performance supercapacitors since these devices become ultrathin, light, flexible and easily scalable [12] [13] [14] . Diverse carbon nanostructures with abundant resource, high conductivity, and structural stability have been widely used as supercapacitor electrodes and strain sensors [4, 5, [15] [16] [17] . The carbon nanomaterials synthesized with carbon nanotubes (CNTs) are low cost while the carbon fibers with micro-diameter have relatively low specific surface area. In comparison, another commercially available carbon nano-structure based material-buckypaper (made by CNTs), with large specific surface area, mechanical flexibility, high electrical conductivity and also cost benefit, suggests its promising in applications of strain sensors and flexible supercapacitor electrodes [18] [19] [20] .
In this work, Ni-Co hydroxide nanosheets (NCHS) on BP was fabricated using a facial and one-step electrodeposition method with a unique sheets-on-tubes hierarchical microstructure. The morphology and structure of the NCHS/BP composite were characterized by scanning electron microscope (SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), demonstrating a uniform distribution of NCHS on BP with enlarged specific surface area. Such NCHS/BP hybrid composites exhibit excellent mechanical robustness, high sensitivity to mechanical deformation stimuli, large specific surface areal capacitance, high rate capability and stable cyclic life in a three-electrode configuration. Such as-prepared NCHS/BP devices show great promising applications in the mechanical-stimulated sensors and next-generation energy storage systems with multi-functionality and high scalability.
Materials and Method
The NCHs/BP film was prepared by a facial one-step electrodeposition method as reported in previous work [21] . The BP was purchase from Nanolab Inc (USA), and sulfuric acid, Ni(NO3)2·6H2O, Co(NO3)2·6H2O and polyethylene terephthalate film were purchased from local supplier. At first, the BP was electrochemically oxidized in H2SO4 solution (1 M) in an attempt to make it hydrophilic. After that, the electrodeposition was conducted using a conventional three-electrode system consisting of the as-treated BP as the working electrode, a platinum mesh as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. A constant potential of -1.0 V vs. SCE was adopted to electrodeposit the NCHs upon the BP in an aqueous solution containing 0.1 Mol Ni(NO3)2 and 0.03 Mol Co(NO3)2. After electrodeposition for 2 mins, the final NCHs/BP film was obtained after rinsing several times with deionized water. For electromechanical test, the as-prepared NCHs/BP film was firstly cut into small pieces by a size of 10×20×0.075 mm, and was electrically insulated and packaged at two sides by 0.5 mm thick polyethylene terephthalate film after the setting up of copper tape for conductive electrode. Asymmetric supercapacitors were assembled using NCHS/BP as the positive electrode and bare BP as the negative electrode (The total mass of the positive and negative electrodes are 2.99 and 2.12 mg cm -2 , respectively). The KOH/PVA polymer gel was used as both electrolyte and separator [21] . The electrodes with the electrolyte solution coating on were placed in a fume hood at room temperature to evaporate the excess water. After the KOH/PVA became solidified, the two electrodes were tightly pressed together into one integrated unit.
The surface morphology of the NCHs/BP was investigated by field emission scanning electron microscope (SEM, ZEISS Merlin) with an operating voltage of 10 kW. X-ray diffraction analysis was carried out by an X-ray diffractometer (Rigaku Smartlab) using Cu-Kα source (1.54 Å). X-ray photoelectron spectroscopy (XPS, PHI 5700 ESCA System) was obtained on an SSI Probe XPS spectrometer with an Al(Kα) source. And polyethylene terephthalate film packaged NCHs/BP film was test the electromechanical responses using a typical two-electrode method. The electrochemical performance of electrodes was evaluated using a Gamry Echem Testing System (Gamry Instruments, Inc., USA). Electrochemical measurements were conducted in a three-electrode configuration at room temperature using 2 Mol KOH as electrolyte for hybrid electrodes. The asymmetric supercapacitor devices were electrochemically characterized in a two-electrode configuration cell.
Results and Discussion

Characterizations of Microstructure and Chemical Composition
The morphology of NCHS/BP has been characterized by SEM as shown in Fig. 1 . Before electrodepositing process, numerous CNTs interconnect, forming a network (see Fig. 1a) . The BP provides a light, flexible, and mechanically robust substrate for NDHS deposition. Figure S2 , indicating the potential of BP applied in electrochemical fields. As shown in Fig. 1b , the surface of CNTs presents smooth morphology, and such CNTs exhibits diameters of approx. 20~30 nm. After electrodeposition of NDHS for 2 min, the CNTs surface becomes fluffy, covered by a uniform layer of NCHS (see Fig. 1c ). The high-magnification SEM image in Fig. 1d reveals the NCHs with a lateral size of several tens of nanometre. Fig.3a-b illustrates the electro-mechanical responses of the NCHs/BP film under different stimuli types (stretching, bending and torsion). As shown in the inner plot, the two cupper electrodes of test sample were connected to a digital to monitor and record the data of the electrical resistance under specific stimuli input. A linearly dependent behavior between normalized electrical resistance (R/R0) and tensile strain is presented in Fig. 3a , exhibiting a tensile strain responsive property of the NCHs/BP film. What's more, in a smaller tensile strain of 2.0 %, over 80 % of electrical resistance variation (ΔR/R) produced, suggesting a highly sensitive performance of this NCHs/BP film. The stretching-releasing cycle test under excitation of square wave by different frequencies (0.1Hz and 0.5Hz, respectively) is adopted to evaluate the cyclic stability of the NCHs/BP film, which presents decent recoverability and stability in 20 cycles as shown in Fig. 3b . Furthermore, the capabilities of NCHs/BP film respond to mechanical bending and torsion have also been evaluated by bending and torsion angle. Fig. 3c-d show the variations of the R/R0 values towards bending and torsion angle, similar to the above strain-related normalized electrical resistance. The R/R0 values are basically proportional to the bending or torsion angle. The large electrical resistance variation amplitudes of 36.0% (0 -180°) and 70.6% (0 -90°), bending and torsion test, respectively, can be employed for precise monitoring for mechanical deformation. As a consequence, the obvious electrical resistance variation to variant mechanical stimuli, makes NCHs/BP film an excellent candidate for mechanical sensor applications. corresponding to the redox reactions between NCHs and the alkaline electrolyte. Fig. 4b provides the galvanostatic charge/discharge profiles of NCHs/BP electrodes at different current densities ranging from 2 to 12 mA cm -2 . These constant-current charge/discharge curves display a relatively symmetric shape, indicating high coulombic efficiency and the reversible nature of the redox reactions. There are two voltage plateaus in the charge/discharge curves, which are consistent with the voltages of redox peaks in the CV curves. Accordingly, the capacitance of NCHs/BP electrodes is 1.5 F cm -2 calculated from the charge/discharge curves. The capacitance retention has been plotted as a function of different current densities as shown in Fig. 4c . The capacitance decreases gradually with the increase of current densities, and the NCHS/BP electrode exhibits 62% capacitance retention at a high current density of 50 mA cm -2 . The cyclic life is also an important factor affecting the performance of electrodes in practical applications. The NCHs/BP electrodes were tested under 3,000 galvanostatic charge/discharge cycles at a current density of 15 mA cm cycle. The increase of capacitance in the initial cycle was observed in many metal oxide/hydroxide electrodes, which is hypothetically explained by the gradually ameliorated electrolyte penetrating/wetting the electrodes and structural activation of the active materials [22] . Moreover, the hybrid electrode exhibits high coulombic efficiencies (> 99%) over the 3,000 cycles, indicating high charge transfer efficiencies over long-term cycling serves.
Mechanical-stimulated Sensing Performance
Moreover, The flexibility is a crucial property for a supercapacitor in practical applications. The high flexibility of as-prepared asymmetric supercapacitor has been demonstrated in Fig. 4e-f . The CV curves of the device under different deformation states (see Fig. 4e ) have been plotted in Fig. 4b . Obviously, the CV curves show slight changes under different bending states, even under seriously twisted and folded deformation, indicating the high flexibility and excellent stability of the as-prepared asymmetric supercapacitor. under the corresponding deformation state in (e).
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Summary
In this article, we highlight a Ni-Co hydroxide nanosheets (NCHs) deposited on Buckypaper (BP), which was fabricated by a facial and one-step electrodeposition method for sensitive strain sensor and high-performance supercapacitor electrodes. Through the mechanical deformation induced stimuli-responsive investigation and in situ electrochemical test, this NCHs/BP material exhibits a sequence of excellent properties, such as linear relationship between normalized electrical resistance (R/R0) responses to mechanical deformation, high areal capacitance of 1.5 F cm -2 , high rate capability and excellent cyclic stability. The as-prepared asymmetric device shows high capacitance, low internal resistance and high flexibility (negligible capacitance changes during large deformation). These demonstrated superiority of NCHs/BP material suggesting its promising applications as electromechanical sensors and next generation high-performance energy storage devices.
